Proceedings of the National Academy of Sciences Vol. 68, No. 1, pp. 165-168, January 1971 Nuclear Involvement Poin xvirus Infection KIRSTEN H. WALEN* School of Biological Sciences, The University of Sydney, Sydney, NSW2006 Australia Communicated by Curt Stern, October 8, 1970 ABSTRACT During the first hours of infection with vaccinia virus, part of the chromosomal DNA of host cells is degraded, part of it is released from the cell, and part of it eventually appears in cytoplasmic foci associated with the reproduction of virus. The DNA of the infecting particle is first found attached to the chromosomes. Intranuclear foci of DNA incorporation appear later; these rapidly move out into the perinuclear space and eventually become typical cytoplasmic "virus factories." Each of these observations points to a more direct involvement of the nucleus in viral infection than was previously envisaged.
On entering a suscel)tible cell, vaccinia virus undergoes a twostage uncoating process (1) and eventually multiplies in cytoplasmic foci called "virus factories" (2) which are easily demonstrated with autoradiography and nuclear stains.
Even though early autoradiographic (2) and biochemical studies hinted at no nuclear involvement, viral 1)NA is not produced in cells treated before infection with mitomycin C (3), nor in leukocytes incapable of synthesizing DNA (4). In fact, there is a dark period between uncoating [when coreless shells remain in the cytoplasm and the DNA-containing cores disappear from view (5) ] and the establishment of virus factories some hours later.
MAy exl)eriments are concerned with this dark period and suggest that nuclear DNA is broken down during viral replication; that some of this DNA becomes part of the viral factories; and that the factories themselves first appear in close proximity to chromosomal material, only to move later into the cytoplasm. Wore detailed accounts will be published elsewhere. The tissues were fixed either immediately after flooding with cold thymidine or at 4-hr after infection. Virus factories ap- peared between 2.5-and 3-hr after infection, even though cellular nuclei were uniformly labeled throughout (Table 1) .
MATERIALS AND METHODS
From the second hour onwards, the autoradiographs were increasingly obscured by labeled debris randomly scattered over cells and intercellular spaces. This abnormal background (Fig. lb) was somewhat reduced by the time the viral factories were fully developed (Fig. 1c) . Uninfected cells (Fig. la) had the typical background of only a few isolated grains.
That the labeled debris was degraded DNA was demonstrated more clearly as follows. Monolayers of BS-C-1 cells were infected and pulse-labeled after 2 hr. Some cultures were fixed 30-min after labeling (set A), the rest seeded with a layer of morphologically distinguishable cells (chick-embryo fibroblasts or a line of stable marsupial cellst). After 1 hr, these cultures were again divided; half of them received a second pulse of [3H]thymidine (set B), the other half (set C) were untreated. Samples of sets B and C were fixed at 0.5-hr intervals for up to 5-hr of infection. A series of uninfected control slides was carried in parallel through the same procedure.
Harvest A and B verified the labeling of the primary and secondary monolayers respectively, with results entirely comparable to those shown in Fig. 1 . While the secondary cells over uninfected controls were uniformly blank, both the chick and marsupial cells plated over infected primary layers (set C) showed light but consistent nuclear labeling of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] grains.
Fate of nuclear DNA during viral replication
The extensive release of nuclear DNA fragments soon after infection raised the possibility that this material might serve as substrate during subsequent replication of viral DNA. Host cells were therefore labeled 48 and/or 2 hr before infection, then autoradiographed 4-hr after infection.
The atypical background of labeled debris was present in all infected cultures (Fig. 2a) , but could be greatly reduced by extraction with cold Cl3CCOOH. Nuclear labeling was reduced in the infected series (Fig. 2b) , with often irregular distribution of grains over the nuclei. Labeled cytoplasmic inclusions (Fig. 2c) were found only in cells with labeled nuclei, but even in such cells not all virus factories were labeled. On the whole, the heavier the nuclei were labeled, the higher the proportion of labeled viral foci. At least some of the viral DNA is thus seen to originate from the chromosomal material of the host cell. normalities ranged from stickiness and uncoiling to complete disintegration and are best demonstrated without silver grains ( Fig. 3a and b) .
Association of viral DNA and host chromosomes
To exclude unwanted side effects due to colchicine, and possible complications arising from the use of replicating virus, the following experiment was designed. Cells, predominantly in the G2 period, were infected with heavily-labeled virus that had been allowed to "suicide" during storage over the past 8 years. § The cells were fixed after 3 hr of infection. As the micrographs of Fig. 4 show, the DNA of the killed virus particles was associated with the metaphase and anaphase figures. The density of grains suggests single viral genomes rather than foci of replication, such as are found after infection with live virus. Infection of GI, S, or G2 cells with the dead virus did not result in either cytoplasmic foci or labeled nuclei.
Migration of replicative foci in the course of infection
The last two experiments demonstrated association between viral DNA and the nuclear apparatus of the host cell, whereas virus factories have hitherto been seen only in the cytoplasm. To bridge this gap, use was made of cells predominantly in the G1 period; the cells themselves do not incorporate thymidine during this period of the mitotic cycle, therefore events in the nuclear space can be more readily followed.
Unlabeled BS-C-1 cells, mostly in G1, were infected at a multiplicity of 10; several cultures were pulse-labeled at 0.5 hr intervals and fixed directly after labeling. In these cultures (Fig. 5 ) the few S-phase cells served as the 0-hr control. It is obvious that at 2.5 hr, [3H] thymidine is incorporated differently than the earlier intervals when the label is confined to the nucleus. From 3-hr after infection, only the typical cytoplasmic virus factories are to be seen.
DISCUSSION
Hints of nuclear involvement in the process of poxvirus infection abound in the literature. Some (1, 3, 4) imply the need for an early host function, while others (6) describe the loss of about 10% of the total cellular DNA that is not accounted for by an increase in the acid-soluble pool. My observations confirm the degradation of DNA and fix the temporal position of the process. Labeled debris is released within 2 hr of infection, and thus invariably before the appearance of cytoplasmic viral factories. The negative aspect of the same event is the striking loss of label from previously labeled nuclei (Fig. 2) , the increasingly abnormal appearance of the chromosomes (Fig. 3) , and the reduced incorporation of thymidine into the nuclear apparatus after the 2nd hour of infection (Table 1) . These are all direct observations, and the only point to be settled is whether or not they represent a regular stage in the infective process. For example, breakdown of cellular DNA could well be caused by Mycoplasma (7) The evidence goes further than merely demonstrating nuclear breakdown and incorporation of some of its products in what have become accepted as cytoplasmic virus factories (8). At the time label is lost from the chromosomes, aggregations of DNA-containing material appear within the nucleus (presumably associated with the chromosomes if one may extrapolate from observations with killed virus as shown in Fig. 4) . Morphologically, these foci are not distinguishable from the virus factories to be found in the cytoplasm about 0.5-hr later. Indeed, the sequence presented in Fig. 5 suggests that the nuclear foci are precursors of the cytoplasmic foci.
The nuclear residence of these foci is short, probably less than 0.5-hr. Since the course of infection is asynchronous (8), biochemical assays representing the average behavior of perhaps millions of cells are bound to miss an event of such brief duration. Autoradiography is better suited to resolve the intracellular sequence, provided the cells are not moving randomly through their mitotic cycles. If even a small fraction of the usually long S-period coincides with the intranuclear stage of viral replication, the heavily-labeled chromosomes will completely obscure the viral foci. Hence, only multiple infection followed by short pulses of labeling over the G1 or G2 periods offers any hope of demonstrating this phase.
